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Topoisomerase I cleavage complexes can be induced by a variety of DNA damages and by the anticancer drug
camptothecin. We have developed a ligation-mediated PCR (LM-PCR) assay to analyze replication-mediated
DNA double-strand breaks induced by topoisomerase I cleavage complexes in human colon carcinoma HT29
cells at the nucleotide level. We found that conversion of topoisomerase I cleavage complexes into replication-
mediated DNA double-strand breaks was only detectable on the leading strand for DNA synthesis, which
suggests an asymmetry in the way that topoisomerase I cleavage complexes are metabolized on the two arms
of a replication fork. Extension by Taq DNA polymerase was not required for ligation to the LM-PCR primer,
indicating that the 3* DNA ends are extended by DNA polymerase in vivo closely to the 5* ends of the
topoisomerase I cleavage complexes. These findings suggest that the replication-mediated DNA double-strand
breaks generated at topoisomerase I cleavage sites are produced by replication runoff. We also found that the
5* ends of these DNA double-strand breaks are phosphorylated in vivo, which suggests that a DNA 5* kinase
activity acts on the double-strand ends generated by replication runoff. The replication-mediated DNA double-
strand breaks were rapidly reversible after cessation of the topoisomerase I cleavage complexes, suggesting the
existence of efficient repair pathways for removal of topoisomerase I-DNA covalent adducts in ribosomal DNA.

DNA topoisomerases are ubiquitous enzymes that regulate
the topological state of DNA. They participate in essential
cellular processes, including replication, transcription, chro-
mosome segregation, and recombination (22, 34, 71). Eukary-
otic DNA topoisomerase I (top1) acts as a monomer, and its
catalytic activity can be divided into four steps (61): (i) binding
of the enzyme to duplex DNA, (ii) single-stranded DNA cleav-
age by a transesterification reaction in which a top1 tyrosine-
hydroxyl group becomes covalently linked to the 39 phosphate
of a DNA phosphodiester bond to generate a 59-hydroxyl DNA
terminus, (iii) DNA relaxation by controlled rotation around
the intact DNA strand (61); and (iv) religation of the cleaved
DNA by nucleophilic attack from the 59-hydroxyl DNA end
and dissociation of the top1 tyrosyl residue from the 39 end.
The topoisomerase-linked DNA breaks are commonly re-
ferred to as cleavage complexes (22, 34, 71). Under physiolog-
ical conditions, they are short-lived catalytic intermediates.

A number of physiological and environmental DNA modi-
fications can inhibit top1 by inducing top1 cleavage complexes.
These include DNA mismatches or abasic sites (37, 48, 73),
oxidative base damage (47), base alkylation and carcinogenic
adducts (44, 66), UV photoproducts (50, 62), and DNA breaks
(11, 45). Trapping of top1 cleavage complexes is also the pri-
mary mechanism of action of camptothecin (CPT), a potent
anticancer agent which reversibly inhibits the religation step of

the top1 catalytic cycle (25, 29, 39, 40). The cytotoxicity of top1
cleavage complexes is attested by the potent cell killing and
anticancer activity of CPTs. In both human and yeast cells,
cleavage complexes induce DNA damage by interference with
DNA replication (16, 24, 26, 55). Studies with simian virus
40-infected cells indicate that top1 cleavage complexes gener-
ate double-stranded DNA breakage at replication forks (2, 59,
68). Persistent DNA double-strand breaks have also been de-
tected by pulsed-field gel electrophoresis in replicating DNA
of human cells treated with CPT (51, 60).

The aim of the present study was to analyze top1-linked
DNA double-strand breaks at the molecular level in human
cells using ligation-mediated PCR (LM-PCR). The rRNA
gene cluster was chosen for this analysis for the following
reasons. First, it contains a high frequency of top1 cleavage
sites (14, 41, 75). Second, immunolocalization studies show
that top1 is concentrated in nucleoli (3, 7, 15, 20, 31, 33). Third,
each 13-kb transcribed region of the human rRNA gene com-
plex (Fig. 1) is tandemly repeated about 40 times on each of
the five acrocentric chromosomes (21, 65). Fourth, ribosomal
DNA (rDNA) replication is unidirectional towards the 39 end
of the 28S gene, and rRNA is one of the few human genes
whose replication origin and termination are known. Replica-
tion fork barriers have been described at the 39 end of the 28S
ribosomal gene region, which prevent fork migration in the
opposite direction (19, 23, 28) (Fig. 1). The LM-PCR assay
enabled us to examine replication-dependent DNA damage
induced by top1 cleavage complexes and to map replication-
mediated double-strand breaks at the nucleotide level. Our
data suggest that top1 cleavage complexes lead to replication
runoff on the leading strand with 59-end phosphorylation and
that these lesions are effectively repaired in rDNA.
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MATERIALS AND METHODS

Drugs, chemicals, and enzymes. 20-(S)-Camptothecin lactone (CPT) was ob-
tained from the Drug Synthesis and Chemistry Branch, Division of Cancer
Treatment, National Cancer Institute. The drug was dissolved in dimethyl sul-
foxide at a concentration of 10 mM. Further dilutions were made in water
immediately before use. Taq DNA polymerase was purchased from Qiagen
(Santa Clarita, Calif.). T4 polynucleotide kinase (10 U/ml) was purchased from
Gibco-BRL, Life Technologies (Gaithersburg, Md.), and aphidicolin was ob-
tained from Sigma Chemical Co. (St. Louis, Mo.). T4 DNA ligase (4 U/ml) was
obtained from New England Biolabs (Beverly, Mass.). [g-32P]ATP (6,000 Ci/
mmol) was purchased from New England Nuclear (Boston, Mass.).

Cell culture and drug treatment. HT29 cells were provided by the Develop-
mental Therapeutics Program (National Cancer Institute) and grown at 37°C in
the presence of 5% CO2 in RPMI 1640 supplemented with 16% heat-inactivated

fetal bovine serum (Gibco-BRL, Grand Island, N.Y.), 2 mM glutamine, 100 U of
penicillin per ml, and 100 mg of streptomycin per ml. Exponentially growing cells
were, unless otherwise stated, treated with 10 mM CPT for the indicated times.
Treatments at 0°C were performed after replacing the culture medium with
ice-cold medium and transferring the cells on ice to a cold room. To examine the
reversal of CPT-induced top1-linked DNA cleavage, treated cells were washed
twice with drug-free ice-cold Hanks’ balanced salt solution and allowed to grow
in drug-free RPMI 1640 medium for the indicated time.

Genomic DNA isolation. Following treatment, cells were lysed in 250 mM
Tris-HCl–5 mM NaCl–25 mM EDTA–0.5% sodium dodecyl sulfate (pH 8.0).
Cell lysates were incubated with DNase-free RNase A (final concentration, 100
mg/ml) for 1 h at 37°C and then with proteinase K (800 mg/ml) at 37°C for 3 h.
The DNA was isolated by two phenol-chloroform extractions followed by one
chloroform extraction. After ethanol precipitation and washing of the pellet with

FIG. 1. Map of the human rRNA gene repeat. The human rRNA gene forms a 44-kb repeat unit, with the four segments defined by EcoRI (E) sites. Boxes show
the positions of sequences coding for the 18S, 5.8S, and 28S rRNA genes. Spacer, nontranscribed region. The horizontal arrow indicates the transcribed region.
Numbers for genomic positions are according to GenBank (accession no. U13369). 1 to 3656, 59 external spacer; 3657 to 5527, 18S segment; 5528 to 6622, internal spacer
I; 6623 to 6779, 5.8S segment; 6780 to 7943, internal spacer II; 7944 to 12969, 28S segment; 12970 to 13314, 39 external spacer. Replication starts bidirectionally in the
nontranscribed intergenic spacer (18, 28, 74). Unidirectional replication fork barriers are located at the 39 end of the transcribed region (23, 28).

TABLE 1. Oligonucleotides used in the present study

Primer 59-end
coordinatea DNA sequence Annealing

temp (°C)

RA-1 5030 59-CGATAACGAACGAGACTCTGG 60.0
RA-2 5049 59-GGCATGCTAACTAGTTACGCGACCCC 72.0
RA-3 5059 59-CTAGTTACGCGACCCCCGAGCG 70.0

RC-1 5541 59-CCTCCGGGCTCCGTTAATG 56.0
RC-2 5523 59-GATCCTTCCGCAGGTTCACC 64.0
RC-3 5517 59-TCCGCAGGTTCACCTACGGAAACC 69.0

RD-1 5294 59-CTCGTTCATGGGGAATAATTG 54.0
RD-2 5275 59-TGCAATCCCCGATCCCCATCA 64.0
RD-3 5270 59-TCCCCGATCCCCATCACGAATGG 64.0

RF-1 12064 59-CGCTCCGGGGACAGTGCCAG 62.0
RF-2 12083 59-GGTGGGGAGTTTGACTGGGGCGGTAC 72.0
RF-3 12091 59-GTTTGACTGGGGCGGTACACCTGTC 72.0

RG-1 12642 59-GGCGCTGCCGTATCGTTCGC 62.0
RG-2 12623 59-CCTGGGCGGGATTCTGACTTAGAGG 72.0
RG-3 12616 59-GGGATTCTGACTTAGAGGCGTTCAGTC 72.0

Linker Linker 59-GCGGTGACCCGGGAGATCTGAATTC
CTAGACTTAAG-59

72.0

a From GenBank accession no. U13369.
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75% ethanol, the DNA was dissolved in TE buffer (1 mM EDTA, 10 mM
Tris-HCl [pH 7.6]).

Oligonucleotide primers. Table 1 shows the sequences of the oligonucleotide
primers used to map top1-linked DNA single- and double-strand breaks in the
18S (primers RA, RC, and RD) and 28S (primers RF and RG) segments.
Oligonucleotide primers 1 were only used to sequence top1-induced DNA single-
strand breaks. Primers 2 were the PCR primers, and primers 3 were used in the
labeling step of the LM-PCR (see Fig. 2).

LM-PCR. Figure 2 shows the reaction steps for the detection of replication-
mediated DNA double-strand breaks. Genomic DNA (0.5 mg) from CPT-treated
cells was first incubated with Taq DNA polymerase and deoxynucleoside triphos-
phates (dNTPs) to allow 39-end filling. Then, a T4 polynucleotide kinase reaction
was performed before ligation to the duplex oligonucleotide linker, consisting of
a 26-mer annealed to an 11-mer oligonucleotide (Table 1) (32, 41). Ligation was
performed overnight at 14°C. After precipitation of the DNA, rRNA gene-
specific DNA fragments were amplified with Taq DNA polymerase using the

26-mer strand from the linker (Table 1) and a nested, gene-specific PCR primer
(primers 2). After 26 cycles of PCR, a third internal primer (primers 3, 59 end
labeled with 32P using T4 polynucleotide kinase) was used for two cycles. Sam-
ples were extracted once with phenol-chloroform, and the amplified fragments
were precipitated with ethanol and separated on 7% denaturing polyacrylamide
gels. Samples were run at 60 W for 90 min. After drying, gels were exposed to a
PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.).

Top1 cleavage complexes (i.e., top1-induced DNA single-strand breaks) were
detected as described previously (41). Briefly, 0.5 mg of genomic DNA was
denatured for 5 min, and oligonucleotide primers 1 were annealed for 30 min
(annealing temperatures are given in Table 1). Primer extension was then carried
out at 72°C with Taq DNA polymerase. After phosphorylation of the 59-OH
termini using T4 polynucleotide kinase and ligation to the linker, reaction steps
were the same as for the detection of replication-mediated DNA double-strand
breaks. Chemical DNA sequencing reactions (30) performed with genomic DNA
from HT29 cells were used to provide position markers with all LM-PCRs. The

FIG. 2. Diagram of the LM-PCR protocol to detect top1-induced DNA single-strand breaks and replication-mediated DNA double-strand breaks. Top1 is shown
as a shaded oval with covalent linkage to the 39 end of a DNA single-strand break. In the assay for top1-induced DNA single-strand breaks, top1-induced DNA
single-strand breaks (i.e., top1 cleavage complexes) were detected (upper left) as described previously (41) by annealing primer 1 (P1) to denatured genomic DNA.
After primer extension and in vitro phosphorylation of the 59-OH termini with T4 polynucleotide kinase, ligation to the double-stranded linker was performed.
Thereafter, rRNA gene-specific DNA fragments were amplified with Taq DNA polymerase using the linker-primer and a nested, gene-specific PCR primer. After 26
cycles of PCR, a third primer (59 end labeled with 32P; star) was used for two primer extension cycles before the samples were separated in 7% denaturing
polyacrylamide gels. In the assay for replication-mediated DNA double-strand breaks, collision between a replication fork and a top1 cleavage complex is proposed to
lead to replication runoff, with generation of a DNA double-strand break (upper right). Because of in vivo 59-end phosphorylation of replication-mediated DNA
double-strand breaks, ligation to the linker could be performed without prior T4 polynucleotide kinase reaction. The following reaction steps were the same as for the
detection of top1-induced DNA single-strand breaks. Note that the single-strand break assay detects both single- and double-strand breaks.
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genomic positions of the cleavage sites presented in the figures correspond to the
nucleotide covalently linked to top1.

RESULTS

DNA double-strand breaks in the rRNA gene cluster in
CPT-treated cells are dependent on DNA replication. Figure 3
shows that top1-induced DNA double-strand breaks were de-
tectable by LM-PCR in the rRNA gene from CPT-treated cells
(lane 4). Previous studies suggested that inhibition of DNA
replication with the DNA polymerase inhibitor aphidicolin
prevents the conversion of DNA single-strand breaks into rep-
lication-mediated double-strand breaks (24, 26, 51). As ex-
pected, DNA double-strand breaks were not detectable in
aphidicolin-treated cells (Fig. 3, lane 6), whereas aphidicolin
had no detectable effect on top1-induced DNA single-strand
breaks (Fig. 3, lanes 3, 5, and 7) (24). Conversion of top1
cleavage complexes into DNA double-strand breaks was also
prevented when cells were treated at 0°C, conditions under
which the top1 cleavage complexes (single-strand breaks) still
form (13) (compare lanes 7 and 8). These results indicate that

the top1-induced DNA double-strand breaks detected by LM-
PCR are dependent on DNA replication.

Replication-mediated DNA double-strand breaks are 5*
phosphorylated and coincide with top1-induced single-strand
breaks. We next investigated the biochemical characteristics of
the 59 ends of the replication-mediated DNA double-strand
breaks (Fig. 4). Even when T4 polynucleotide kinase was omit-
ted (lane 2), strong signals that could be mapped to the same
nucleotide positions as in the complete reaction (lane 1) were
found. Conversely, we found that 59 dephosphorylation of
genomic DNA from CPT-treated cells with shrimp alkaline
phosphatase prevented detection of the replication-mediated
double-strand breaks (lane 3), suggesting that no ligation to
the linker occurred. These results indicate that the replication-
mediated DNA double-strand breaks are 59 phosphorylated in
vivo. Because 39-end filling with Taq DNA polymerase (lane 4)
was dispensable for ligation to the double-stranded linker and
detection of the replication-mediated double-strand breaks, it
appears that the leading strand is replicated up to the last
nucleotide at the 59 end of the top1 cleavage complex, suggest-

FIG. 3. Replication-mediated DNA double-strand breaks on the leading
strand of the 18S human rRNA gene are prevented by the DNA synthesis
inhibitor aphidicolin or treatment at 0°C. DNA single-strand breaks (S) and
double-strand breaks (D) were determined in untreated HT29 cells (lanes 1 and
2) or after 1 h of treatment with CPT alone (lanes 3 and 4) or in combination
with aphidicolin (Aph; 10 mM, 5-min pretreatment and 1-h cotreatment with
CPT; lanes 5 and 6) or after treatment with CPT for 1 h on ice (lanes 7 and 8).
Numbers correspond to genomic positions of the DNA lesions (GenBank acces-
sion no. U13369).

FIG. 4. Replication-mediated DNA double-strand breaks are 59-phosphory-
lated and coincide with top1-induced single-strand breaks. HT29 cells were
exposed to CPT for 4 h. Experiments were performed with the RA primers
(Table 1). Lane 1, complete reaction (see Fig. 2); lanes 2 to 5, 59 phosphorylation
of genomic DNA with T4 polynucleotide kinase omitted; lane 3, 59 dephosphor-
ylation with shrimp alkaline phosphatase (USB); lanes 4 and 5, incubation with
Taq DNA polymerase and dNTPs omitted; lane 5, linker ligation omitted. Num-
bers correspond to genomic positions of the DNA lesions (GenBank accession
no. U13369).
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ing replication runoff at top1 cleavage complexes (see Fig. 2
and 9).

The nucleotide level resolution of the LM-PCR enabled us
to further compare the distribution and kinetics of the top1
cleavage complexes (i.e., the DNA single-strand breaks) and
the replication-mediated DNA double-strand breaks. Top1
cleavage complexes (i.e., DNA single-strand breaks) appeared
within 30 min of exposure to CPT (Fig. 5, lanes 0 in left panel,
and data not shown), which is consistent with quantitation of
top1 cleavage complexes at the overall genome level (13).
Replication-mediated DNA double-strand breaks were also
detectable within 30 min of CPT exposure, and they tended to
increase in intensity from 2 to 4 h of ongoing CPT treatment
(data not shown), which is consistent with the requirement for
replication fork collision (replication runoff) for the generation
of the DNA double-strand breaks.

Reversal kinetics of replication-mediated DNA double-
strand breaks suggests the existence of effective mechanisms

to remove top1 covalent complexes in rDNA. Prior studies have
suggested that persistent DNA double-strand breaks in repli-
cating DNA determine the cellular response to CPT through
either cell cycle arrest or apoptosis (5, 51). The LM-PCR
approach enabled us to monitor the site-specific persistence of
replication-mediated DNA double-strand breaks. Figure 5
compares the kinetics of disappearance of the top1 cleavage
complexes and the replication-mediated DNA double-strand
breaks after CPT washout from the tissue culture medium.
Most top1 cleavage complexes (panel S) induced by 10-min or
4-h CPT treatments were reversed after 30 min (e.g., at posi-
tions 5509, 5485, 5464, 5331, 5286, 5275, 5164, 5140, and 5104).

We next examined whether a relationship existed between
the kinetics of disappearance of the top1-induced cleavage
complexes (DNA single-strand breaks) and of the replication-
mediated DNA double-strand breaks (Fig. 5, panel D). Unex-
pectedly (51), DNA double-strand breaks disappeared (al-
most) completely and rapidly at a number of sites (e.g., at

FIG. 5. Repair of replication-mediated DNA double-strand breaks (panel D) induced by top1 cleavage complexes (panel S) on the leading strand of the 18S human
rRNA gene. HT29 cells were treated with CPT for either 10 min or 4 h. Top1 cleavage complexes (i.e., DNA single-strand breaks [SSB], panel S) and replication-
mediated DNA double-strand breaks (DSB, panel D) were studied at the indicated times (in hours after CPT removal). Numbers correspond to genomic positions of
the DNA lesions (GenBank accession no. U13369). Lanes C, control DNA from untreated cells.
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positions 5485, 5464, 5331, 5286, 5275, 5164, 5140, and 5104),
whereas removal of top1 covalent complexes was incomplete
or not detectable at other sites (e.g., at positions 5110, 5094,
and 5088). Differential persistence was observed for DNA dou-
ble-strand breaks very close to each other (e.g., at position
5110 or 5094 versus 5104), indicating that removal of replica-
tion-mediated DNA double-strand breaks in this genomic re-
gion did not reveal consistent directionality towards either end
of the rRNA gene. Differential reversal of top1-linked DNA
breaks in vitro has previously been reported to depend on the
local DNA sequence (42, 67). It is also possible that top1-

induced single-strand breaks located closely and simulta-
neously on both strands of the DNA duplex (compare Fig. 5
and 6) can lead to the formation of double-strand breaks in-
dependent of DNA replication. Such double-strand breaks
might be more persistent (72) than the replication-mediated
double-strand breaks. Taken together, these results suggest
that repair of replication-mediated DNA double-strand breaks
can be remarkably fast in rDNA.

Strand specificity of replication-mediated DNA double-
strand breaks suggests absence of replication runoff on the
lagging strand. DNA lesions affect replication differently de-

FIG. 6. Replication-mediated DNA double-strand breaks are not detectable on the lagging strand of the 18S human rRNA gene. HT29 cells were treated with CPT
for 4 h. DNA was extracted immediately after drug treatment at time 0 (lanes 3, 9, 12, and 16) or at various times after CPT removal. Time in drug-free medium (in
hours) is indicated above lanes 4 to 7, 13, and 14. Lanes C, control (untreated) cells; lanes S, detection of top1 cleavage complexes (i.e., DNA single-strand breaks);
lanes D, detection of replication-mediated DNA double-strand breaks. The scheme at the bottom illustrates the positions of the primers used with the landmarks of
the rRNA gene. Data were obtained with primer set RC (panel A) and primer set RD (panel B). Lanes G1A, Maxam-Gilbert sequencing reactions. Numbers
correspond to genomic positions of the DNA lesions (GenBank accession no. U13369).
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pending on their location on the leading or lagging strand. For
example, replication forks are able to bypass UV-induced
DNA damage on the lagging strand but not on the leading
strand (64). The known directionality of DNA replication in
the rRNA genes (19, 23, 28) (Fig. 1) allowed us to examine
whether the location of top1 cleavage complexes on the lead-
ing or lagging strand affected replication-mediated DNA dam-
age. The data shown in Fig. 3 to 5 demonstrated the formation
of replication-mediated double-strand breaks on the leading
strand for DNA replication. The experiments shown in Fig. 6
investigated whether Okazaki fragment synthesis could also
generate detectable double-strand breaks. Although reversible
top1 cleavage complexes (single-strand breaks) were readily
apparent (lanes 3 and 12) and were formed independently of

DNA replication (in aphidicolin-treated cells; data not shown),
replication-mediated DNA double-strand breaks were not de-
tectable on the lagging strand (lanes 9 and 16, Fig. 6A). This
observation was confirmed using different sets of oligonucleo-
tide primers (Fig. 6A and B). We next extended these studies
to the 28S region of the rRNA gene (Figure 7). Consistent with
the observations in the 18S region (Fig. 5), replication-medi-
ated DNA double-strand breaks on the leading strand (Fig.
7A, positions 12494, 12378, and 12252) were readily detectable
and coincided with the top1 cleavage complexes. By contrast,
on the lagging strand (Fig. 7B), replication-mediated DNA
double-strand breaks were not detectable. Thus, it appears that
replication fork collision and replication runoff are not detect-
able on the lagging strand for DNA synthesis (see Fig. 9).

FIG. 7. Top1 cleavage complexes occur on both strands of the human 28S rRNA gene, whereas replication-mediated DNA double-strand breaks are detectable only
on the leading strand. The scheme at the bottom illustrates the positions of the primers used with the landmarks of the rRNA gene. Experiments were performed with
primer set RF for the leading DNA strand (panel A) and primer set RG for the lagging strand (Table 1) (panel B). HT29 cells were treated with CPT for 4 h. DNA
was extracted immediately after drug treatment at time 0 (lanes 2, 8, 14, and 18) or at the indicated times after CPT removal. Time in drug-free medium is indicated
above lanes 3 to 6, 9 to 12, 15, and 16. Lanes C, control (untreated) cells; lanes S, detection of DNA single-strand breaks; lanes D, detection of double-strand breaks;
lanes G1A, Maxam-Gilbert sequencing reactions. Numbers correspond to genomic positions of the DNA lesions (GenBank accession no. U13369).
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In vivo 5* phosphorylation is not detectable on the lagging
strand for DNA synthesis. Because in vivo 59 phosphorylation
was associated on the leading strand with the production of
DNA double-strand breaks, we analyzed top1 cleavage com-
plexes on the lagging strand for in vivo 59 phosphorylation (Fig.
8). After denaturation, genomic DNA from CPT-treated cells
was annealed to oligonucleotide primers 1 and extended with
Taq DNA polymerase and dNTPs. After phosphorylation of
the 59 termini with T4 polynucleotide kinase, the oligonucleo-
tide linker could be ligated, and subsequent PCR allowed
sequencing of top1 cleavage sites (Fig. 8, lane 1). However,
omission of T4 polynucleotide kinase prevented the detection
of top1-induced DNA cleavage (lane 2), suggesting lack of in
vivo 59 phosphorylation on the lagging strand. This observation
suggests that 59 phosphorylation is dependent on prior repli-
cation runoff, which is detectable only on the leading strand.

DISCUSSION

Formation of top1-induced DNA double-strand breaks by
replication fork runoff on the leading strand for DNA synthe-
sis. The present study provides novel insights into the replica-
tion-mediated DNA double-strand breaks induced by top1
cleavage complexes, which have been proposed to be the pri-

mary cytotoxic DNA lesions produced by this type of covalent
protein-DNA adduct (24, 26, 51, 56). Using LM-PCR, we
found that in HT29 cells treated with CPT, replication-depen-
dent DNA double-strand breaks are readily detectable on the
leading strand of the rRNA genes.

The 59 end of the replication-mediated DNA double-strand
breaks matched, at the nucleotide level, the sites of CPT-
stabilized top1 cleavage complexes. This coincidence is re-
markable considering that in cleavage complexes, top1 binds
not only to the 39-phosphate end of the cleaved DNA strand
but also noncovalently to at least nine nucleotides around the
actual cleavage site on the scissile strand and to five additional
nucleotides on the noncleaved strand (49, 63). Thus, it would
have been conceivable that replication-associated DNA poly-
merase should have been blocked before reaching the top1
cleavage site. However, this would result in a double-strand
break with a 59 protruding end of at least seven nucleotides
(63), which should not be ligated to the blunt-ended double-
stranded linker by T4 DNA ligase (12) in the LM-PCR exper-
iments performed in the absence of Taq DNA polymerase
(Fig. 4). Alternatively, it would have been conceivable that the
59 protruding end might have been digested in vivo by an
exonuclease, resulting in a blunt end. However, in this case, the
59 ends of the replication-mediated DNA double-strand breaks

FIG. 8. In vivo 59 phosphorylation is not detectable on the lagging strand for
DNA replication, suggesting that 59-end phosphorylation is only detectable at
replication-mediated DNA double-strand breaks. HT29 cells were exposed to
CPT for 4 h. Experiments were performed with primers RC for the lagging DNA
strand. Lane 1, complete reaction as described before (41), using primer 1; lane
2, incubation with T4 polynucleotide kinase omitted; lane 3, annealing and
extension of primer 1 omitted; lane 4, linker ligation omitted. Numbers corre-
spond to genomic positions of the DNA lesions (GenBank accession no.
U13369).

FIG. 9. Proposed interactions of DNA replication forks with CPT-stabilized
top1 cleavage complexes and hypothetical repair pathways. Two covalent top1
cleavage complexes (shaded ovals) are shown, one on each side of a growing
replication bubble (top). Parental DNA strands are represented as thick lines.
Leading-strand synthesis is shown as thin arrows, and Okazaki fragments are
shown as broken-line arrows. The differential effect of replication fork collision
into top1 cleavage complexes on the leading and lagging strands is shown in the
middle panel. Our results suggest that replication-mediated DNA double-strand
breaks are formed by replication fork runoff on the leading strand with phos-
phorylation (P) of the 59 end of the DNA template strand. By contrast, replica-
tion-mediated DNA double-strand breaks are not detectable on the lagging
strand, which suggests that the replication fork is arrested upstream from the
top1 cleavage complex without bypass, that the replication complex forces the
dissociation of the top1 cleavage complex, or that Okasaki fragment synthesis
bypasses the top1-mediated single-strand break interruption (see Discussion). In
any case, no replication runoff would occur on the replicating lagging strand.
(Bottom) Hypothetical excision repair of top1 cleavage complexes on the leading
strand (see text for details and references). On the lagging strand, top1 might
religate the DNA template strand directly upon drug removal. Replication-
mediated DNA double-strand breaks are potential targets for homologous and
illegitimate recombination.
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should not have matched the 59 ends of the top1 cleavage
complexes. Because we found that the 59 ends of the replica-
tion-mediated DNA double-strand breaks coincided with those
of the top1 cleavage complexes, we interpret our results as
indicating that top1-induced replication-mediated DNA dou-
ble-strand breaks result from replication fork runoff at the top1
cleavage complex sites on the leading strand for DNA repli-
cation (Fig. 2 and 9).

Top1-induced replication-mediated DNA double-strand
breaks are 5* phosphorylated. Because the replication-medi-
ated DNA double-strand breaks did not require addition of T4
polynucleotide kinase in the LM-PCRs, we conclude that rep-
lication-mediated DNA double-strand breaks resulting from
top1 cleavage complexes are 59 phosphorylated. This finding
contrasts with the biochemical properties of the DNA termini
in the top1 cleavage complexes, which bear a 59-hydroxyl and a
39-phosphotyrosyl top1 covalent linkage (22, 34, 71). The 59-
hydroxyl terminus enables the reversibility of the top1 cleavage
complexes. Thus, 59 phosphorylation should prevent religation
by top1 itself (11, 45). Because our data indicate that many of
the replication-mediated DNA double-strand breaks are
readily reversible in rDNA, it appears that the 39 termini,
including the covalently linked top1 protein, are processed or
repaired in vivo. The simplest scheme would involve excision of
the top1 protein with or without covalently linked nucleotides
(Fig. 9). Recently, a eukaryotic tyrosyl-DNA-phosphodiester-
ase has been identified that specifically hydrolyzes the chemical
bond between the active-site tyrosine of top1 and the 39 end of
DNA (43). Alternatively, nucleotide excision repair might ex-
cise the top1-DNA conjugates by incising the DNA strand 59
from the top1 cleavage complex (53). The repair of top1 cleav-
age complexes remains, however, generally poorly defined
(40). Based on the hypersensitivity of Rad52-deficient yeast
strains to CPT (17), recombination repair has been invoked.
Replication-mediated DNA double-strand breaks that are no
longer tethered by proteins could become potential targets for
illegitimate recombination (10, 11, 35, 52, 54, 69). Ligation
between nascent and parental strands at the arrested replica-
tion fork might also be mediated by top1 itself, since purified
top1 is able to ligate heterologous DNA in vitro (8, 9, 11, 36,
57, 58). Recombination repair involving nascent and parental
strands is consistent with the induction of sister chromatid
exchanges in CPT-treated cells (1).

Stabilized top1 cleavage complexes do not lead to replica-
tion runoff on the lagging strand for DNA replication. Our
results demonstrate an asymmetry between the leading and
lagging strands for DNA replication. Because replication-me-
diated DNA double-strand breaks were not detectable on the
lagging strand, a first possibility is that lagging-strand DNA
synthesis cannot bypass top1 cleavage complexes (Fig. 9).
Westergaard and coworkers previously reported that a top1
cleavage complex could arrest RNA polymerase in vitro (4).
Such a replication block by top1 cleavage complexes on the
lagging strand would be in contrast to the effects of bulky DNA
adducts and UV-induced DNA lesions, which fail to arrest fork
progression when the DNA modification is on the lagging
strand (64, 70). A replication fork block in the case of the top1
cleavage complexes on the lagging strand could be related to
the size of the protein (100 kDa)-DNA adducts. Inhibition of
the DNA-relaxing activity of top1 might also affect lagging-
strand replication by preventing the chromatin structural
changes that might be required for coordinated synthesis of
both leading and lagging strands (6). Consistently, we observed
that Okasaki fragment synthesis was altered by CPT-induced
top1 cleavage complexes (M. Smith, R. Hickey, and L. Malkas,
unpublished data). Two other possible mechanisms might ex-

plain the lack of detectable replication runoff on the lagging
strand. First, replication fork progression might destabilize the
top1 cleavage complexes on the lagging strand and force their
reversal (68). Destabilization of top1 cleavage complexes by a
DNA helix-tracking protein, such as simian virus 40 large T
antigen, has been observed (38). Finally, if lagging-strand syn-
thesis could be initiated past the top1 cleavage complexes, it is
possible that nascent Okasaki fragment synthesis might bypass
the top1-associated single-stranded DNA interruptions on the
lagging strand (no experimental data are yet available on this
issue), which would most likely result in a double-stranded
DNA end with top1 covalently attached to the protruding 39
end. Such lesions would not be detectable in our double-strand
break assay. Further analyses using different assays are needed
to establish unambiguously the effects of top1 cleavage com-
plexes on DNA synthesis on the lagging strand.

Cellular implications of top1-mediated DNA damage in rep-
licating DNA. Considering the frequency of top1 cleavage
complexes in genomic DNA and the growing number of phar-
macological (39, 40, 46, 66) as well as physiological and envi-
ronmental DNA modifications (11, 27, 37, 44, 45, 47, 48, 62,
73) that can trap top1 cleavage complexes, it is important to
consider the cellular consequences of top1 cleavage complexes.
We recently demonstrated that replication-mediated DNA
double-strand breaks can recruit the DNA end-binding Ku
proteins, activate DNA-dependent protein kinase, and induce
phosphorylation of RPA2 (55). It is therefore possible that the
replication-mediated DNA double-strand breaks activate the
S-phase checkpoint by this DNA-dependent protein kinase-
dependent RPA2 pathway (55).

The ability to sequence DNA strand-specific replication-
mediated DNA damage at the nucleotide level and to study the
processing of such DNA lesions in specific gene regions of
human cells raises a number of interesting and novel issues,
including the basis for the leading- versus lagging-strand asym-
metry in the production of double-strand breaks, the mecha-
nism(s) of formation and removal of replication-associated
top1-DNA adducts (which appears to be rapid at many sites in
rDNA) in different genomic regions, and the identity of the
kinase(s) that phosphorylates the 59 end of the replication-
mediated DNA double-strand breaks on the leading strand for
DNA synthesis.
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